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Abstract 
 
A simple phenomenological model for the relationship between structure and 
composition of the high Tc cuprates is presented. The model is based on two 
simple crystal chemistry principles: unit cell doping and charge balance within 
unit cells. These principles are inspired by key experimental observations of how 
the materials accommodate large deviations from stoichiometry. Consistent 
explanations for significant HTSC properties can be explained without any 
additional assumptions while retaining valuable insight for geometric 
interpretation. Combining these two chemical principles with a review of Crystal 
Field Theory (CFT) or Ligand Field Theory (LFT), it becomes clear that the two 
oxidation states in the conduction planes (typically d8 and d9) belong to the most 
strongly divergent d-levels as a function of deformation from regular octahedral 
coordination. This observation offers a link to a range of coupling effects relating 
YLEUDWLRQVDQGVSLQZDYHVWKURXJKDSSOLFDWLRQRI+XQG¶VUXOHVAn indication of 
WKLVPRGHO¶VFDSDFLW\WRpredict physical properties for HTSC is provided and will 
be elaborated in subsequent publications. Simple criteria for the relationship 
between structure and composition in HTSC systems may guide chemical 
syntheses within new material systems. 
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1. Introduction 
 
Despite progress towards understanding the physics and chemistry of high 
temperature superconductors (HTSCs), simple models with broad predictive 
capability for new HTSC compounds remain elusive.  
 
It is widely accepted that the physics of the copper (Cu) 3d electrons of high Tc 
cuprates and their interaction with adjacent oxygen (O) 2p electrons are at the 
core of the HTSC phenomena [1-6]. The key Cu 3d ± O 2p atoms of all the high 
Tc cuprates EHORQJLQJWRWKHPDLQ³FRQGXFWLRQ´SODQHVare often approximated 
as a planar structure. This approximation has been helpful to understand first 
order phenomena but may obscure key details that are relevant to HTSC 
behaviour.  
 
HTSC materials are generally compounds with a high level of non-stoichiometry 
[7]. Therefore, the local structural effects of non-stoichiometry should be integral 
to any explanation of properties at all levels of a structure. A vast number of 
investigations have provided evidence of nano-scale structural variations in 
HTSC cuprates [8] (and references therein). These structural variations are found 
to have sizes typically of the order of the coherence length. Their origin has often 
been associated with a tendency for some HTSCs to undergo spinodal 
decomposition [8-10] 
 
More recently, at an atomic level, extended X-ray absorption fine-structure 
(EXAFS) measurements [11] have identified a local lattice instability of (probable) 
dynamic character in optimally doped La1.85Sr0.15CuO4 superconductors below a 
characteristic temperature that is above the superconducting transition 
temperature (Tc). This instability manifests as a splitting of the in-plane Cu-O 
bond distances. It is also found that doping of Mn. Ni and Co on the conduction 
planes leads to different perturbations of the local lattice instability. These 
perturbations display a strong correlation with Tc. Another investigation of 
underdoped (lightly hole-doped) cuprates using atomic resolution tunnelling-
asymmetry imaging has found intense atomic-scale variations in electronic 
structure accompanied by partial hole localization [12]. 
 
The defects from non-stoichiometry of HTSC have also been reported as ordered 
superstructures [13-18]. Although progress in detection of superstructures has 
advanced with increased use of high-energy X- ray diffraction sources and 
techniques, the presence of superstructures has not resulted in similar advances 
in underlying theory in most solid-state treatments [7]. In theoretical models, non-
stoichiometry remains largely treated as a source of doping for an averaged 
crystal structure even though the extent of non-stoichiometry can be very large 
and the resulting ordered arrangements have major implications for crystal 
symmetries and strain field distributions.  
 
Crystal field theory (CFT), though simple in principle, does provide geometrical 
insight with regard to properties of crystal structures [19-20]. CFT has been very 
useful for qualitative interpretation of many structural and physical properties of 
transition metal compounds (ie metals with partially filled d electrons) such as 
preferred coordination geometries, optical spectra, magnetic properties and 
trends in heats of reaction. CFT has also been extensively used in connection to 
Jahn-Teller effects and vibronic couplings [21]. The concepts of CFT can also be 
extended to coordination compounds without a periodic crystal lattice using 
Molecular Orbital Theory and the theory then becomes better known as Ligand 
Field Theory (LFT) [22-27]. The fact that many properties of HTSCs display a 
large degree of localization [28-29] suggests that the CFT or LFT theories are 
particularly suited to explanation of HTSC properties. 
 
In this article, we review concepts of CFT (or LFT) as they would apply to the Cu 
atoms of high Tc cuprates. We explore how the CFT concepts can give a 
consistent explanation of many HTSC properties, while still retaining insight into 
geometric interpretation. This article also addresses possible local structural and 
physical property implications of adopting a more inclusive approach to non-
stoichiometry in HTSC materials. 
 
 
2. Some Basic Concepts from Crystal Field Theory (CFT) 
 
Excellent detailed treatments of CFT can be found in various textbooks (this topic 
is also covered in treatments of Ligand Field Theory and Coordination Chemistry) 
[19-27, 30-31]. Nevertheless, for convenience to the reader, concepts on the 
splitting of d energy orbitals by distorted octahedral environments (applicable to 
HTSC cuprates) are briefly summarized below.  
 
The distribution of 3d electrons in a given transition metal is controlled by two 
opposing tendencies. First, repulsion and exchange interactions between 
electrons cause them to be distributed over as many of the 3d orbitals as 
possible with parallel spins. This tendency LVLQDFFRUGDQFHZLWK+XQG¶VILUVWUXOH
Secondly, the effect of crystal field splitting is to cause electrons to populate 3d 
orbitals with the lowest energy. 
 
The 3d energy levels of a transition metal ion in regular octahedral coordination 
sites (with oxygen for instance) are divided into the following two groups: t2g  = 
dxy, dyz, dxz ;  and   eg = dx2-y2, dz2. These two groups are separated in energy by 
the crystal field stabilization energy 'R, as depicted schematically in Figure 1. 
 
When the octahedral environment is distorted, some degeneracy of the energy 
levels is removed, and the t2g and eg groups undergo further splitting. If the four 
oxygen atoms in the x-y plane move towards the central transition metal ion and, 
simultaneously, the two oxygen atoms along the z axis move away 
(corresponding to a tetragonal distortion along the z axis), the eg orbital group is 
separated into two energy levels with the dz2 orbital the more stable. At the same 
time, the t2g orbital group is split into two energy levels, with the dxz and dyz 
orbitals more stable than the dxy orbital (see Figure 1). 
 
If the in-plane distances remain finite and only the distance of the oxygens along 
the z-axis is changed, then in the limit of a very large separation (of the z-axis 
oxygens), a square planar coordination environment is attained. This planar 
coordination has been the starting point for many theoretical analyses of HTSC 
compounds.  However, we argue that valuable information related to the gradual 
transition from octahedral to planar configurations is lost when this starting point 
is used.  
 
The relative energy levels of 3d orbitals in crystal fields of different symmetries is 
given in table 8.6 of the book Inorganic Chemistry by Gary Wulfsberg [25] or 
table 4.10 of the book by Isaac Bersuker [21] and are reproduced below in Table 
1.  
 
 
 
 
Table 1.- Relative energy levels of 3d orbitals in crystal fields of various 
coordinations* 
Coordination 
number 
Symmetry 
of site 
dz2 dx2-y2 dxy dxz dyz 
2 linear 
(in z axis) 
1.028 -0.628 
 
-0.628 0.114 0.114 
4 square 
planar 
-0.428 1.228 0.228 -0.514 -0.514 
5 square 
pyramid 
0.086 0.914 -0.086 -0.457 -0.457 
6 octahedral 0.600 0.600 -0.400 -0.400 -0.400 
* Expressed as fractions of the octahedral crystal field splitting parameter 'R 
 
 
It is interesting to note that because of the additive property of electrostatic 
potential energies, for example, octahedral energies can be obtained by adding 
the linear energies (in the z direction) and the square planar energies (in the xy - 
plane). Similarly, square pyramidal energies can be obtained by adding half the 
linear energies and the square planar energies. This classical approach to 
square pyramidal coordination assumes the metal cation is at the centre of the 
basal plane. Note that the square pyramidal coordination found in real minerals 
and compounds is more likely to show the metal cation closer to the apical 
oxygen [32]. 
 
Using the relative energies of 3d orbitals in Table 1, the gradual transition in 
energies from regular octahedral to square pyramidal coordination and then to 
square-planar coordination, is shown below in Figure 1 (similar schematics can 
be found in many of the above mentioned textbooks dealing with CFT and LFT 
[19-21, 24-26]). 
 
Figure 1.-  Schematic of the variation in energies of the d orbitals as the structure 
is distorted from regular octahedral to square pyramidal and then to square 
planar. 
 
 
 
 
3.  Cu coordination environments of high Tc cuprates 
 
In the following discussion of Cu coordination environments in various types of 
high Tc cuprates, nominal valencies are assigned to the Cu ions as would be 
required for overall charge neutrality in a given unit cell. Substituted cells are also 
analysed in the same manner. 
 
 
3.1. Octahedral coordination 
 
La2-xSrxCuO4 (LSCO) represents a typical example of nearly octahedral 
coordination of the Cu 3d ± O 2p atoms associated with HTSC of this material. 
This structure is schematically drawn in Figure 2. 
 
 
 
 
Figure 2.-  Schematic of the LSCO structure, drawn using Materials Studio 5.5. 
Bonds that define the nearly octahedral coordination of Copper (red) and Oxygen 
(light blue) are highlighted. Note that the composition of the depicted unit cell is 
actually La4Cu2O8 (twice the usual denomination of the compound). This actual 
composition facilitates the analysis of atom coordination. 
 
 
Distortion of the apical oxygen distance compared to the Cu-O in-plane distances 
can be attributed in part, if not completely, to Jahn-Teller distortions. One 
question that is not easily answered is how much distortion is sufficient to remove 
the degeneracy of levels to satisfy the Jahn-Teller theorem compared with 
distortion due to the forces arising from the rest of the crystal structure [19-21, 
24-26, 32] (see also discussion of square pyramidal coordination below). 
 
In the parent, unsubstituted compound, Cu has a nominal 2+ charge. This charge 
balance can be represented by the following equation: 
 
La3+2Cu2+O2-4 
 
 
 
When Sr2+ is substituted for La3+, the material is hole - doped and Cu is required 
to have a 3+ charge for neutrality to exist in the particular unit cells where 
substitution has taken place. This balance can be represented for the substituted 
unit cell as: 
 
La3+Sr2+Cu3+O2-4 
 
 
It is interesting to note that reports on the lattice parameters of LaSrCuO4 (ie 
where substitution has taken place in the entire compound) indicate the 
compound has no Jahn-Teller distortion (and hence it has been referred to as an 
anti-Jahn-Teller effect [33-34]) as would be expected for d8 electrons. 
 
 
3.2. Square pyramidal coordination 
 
YBa2Cu3O7-x (YBCO) represents a typical example of nearly square pyramidal 
coordination of the Cu 3d ± O 2p atoms associated with these HTSCs. This 
structure is schematically drawn in Figure 3. 
 
 
 
 
 
Figure 3.-  Schematic of the YBCO structure, drawn using Materials Studio 5.5. 
Bonds that define the nearly square pyramidal coordination of Copper (red) and 
Oxygen (light blue) are highlighted. 
 
 
Close inspection of the d level splitting schematic reveals several remarkable 
features. First, the regular square pyramidal coordinated Cu ions, according to 
CFT, have no degeneracy (besides spin) on their upper d levels (d8 and d9). 
Therefore, no additional distortion of the apical O to Cu distance, in a first 
approximation, may be attributed to a lifting of degeneracy by Jahn-Teller effects 
(in other words, the regular pyramid itself is already a significant distortion of the 
regular octahedron). The extra length of the apical O to Cu typically found in 
YBCO (~2.4 A) compared to the in-plane Cu-O distance (~1.9A) [1-3] must then 
be attributed, to a large extent, to the overall structural balance of forces and not 
to Jahn-Teller effects. Jahn-Teller distortions are valid effects in octahedral 
environments of many HTSCs but is not a structural requirement using this CFT 
approach on YBCO. 
 
Second, as shown in Figure 1, there is a crossover in energies for the dxy and dz2 
orbitals at tetragonally distorted coordination environments near the square 
pyramidal coordination. The coordination environment of distorted square 
pyramidal Cu ions in YBCO HTSC is close to the distortion corresponding to this 
crossover. The two orbitals, dxy and dz2, determine the occupation of d8 electrons 
on the Cu ions at this crossover (and also the occupation of d8 and d9 electrons 
in Cu ions in adjacent unit cells). As a consequence of this crossover, the dxy and 
dz2 orbitals may display hybridisation.  
 
Furthermore, if vibrations of the lattice sufficiently and cyclically distort the local 
geometry of the Cu coordination environment across these energy states, then a 
driving force for rearrangement of electron occupation of d levels is recognisable. 
Thus, the CFT theory applied to HTSC provides a robust starting point for 
explaining, without any additional assumptions, a range of HTSC-specific 
features. For example, vibrational coupling, electron charge transfers between in-
plane and out-of-plane orbitals and the interplay between spin, charge and 
phonons, have been extensively observed and discussed for YBCO and other 
HTSC compounds [35-37]. The consequences of model assumptions on 
interactions with vibrations and phonon spectra will be explored in more detail in 
a separate publication [38]. 
 
In the parent, unsubstituted compound, Cu has a nominal 2+ charge in the 
conduction planes (and 1+ charge on the basal plane). This can be represented 
by the following equation: 
 
Y3+Ba2+2(Cu2+Cu2+Cu1+)O2-6 
 
When oxygen is added (doped), the material is hole - doped and Cu is then 
required to have 2+ and 3+ charges in the conduction planes (and 2+ charge on 
the basal plane) for charge neutrality to exist in the unit cells where oxygen 
addition has taken place. This relationship can be represented for the unit cell 
with added oxygen as: 
 
Y3+Ba2+2(Cu2+Cu2+Cu3+)O2-7 
 
For the discussion given below on localised stoichiometry, these two end-
member compositions are referred to as the O6 and O7 forms of YBCO.  
 
 
3.3. Square planar coordination 
 
Nd2-xCexCuO4 (NCCO) represents a typical example of nearly square planar 
coordination of the Cu 3d ± O 2p atoms associated with superconductivity of this 
material. This structure is schematically drawn in Figure 4. 
 
 
 
 
 
 
Figure 4.-  Schematic of the NCCO structure, drawn using Materials Studio 5.5. 
Bonds that define the nearly square planar coordination of Copper (red) and 
Oxygen (light blue) are highlighted. Note that the composition of the depicted unit 
cell is actually Nd4Cu2O8 (twice the usual denomination of the compound). This 
actual composition facilitates the analysis of atom coordination. 
 
 
 
In the parent, unsubstituted compound, Cu has a nominal 2+ charge. This charge 
balance can be represented by the following equation: 
 
Nd3+2Cu2+O2-4 
 
When Ce4+ is substituted for Nd3+, the material is electron - doped and Cu is 
required to have 1+ charge for neutrality to exist in the particular unit cells where 
substitution has taken place. This charge balance can be represented for the 
substituted unit cell as: 
 
Nd3+Ce4+Cu1+O2-4 
 
This difference in Cu charge is an additional characteristic that distinguishes the 
square planar coordinated NCCO from the other high Tc cuprates (ie. the 
octahedral coordinated LSCO and the pyramidal coordinated YBCO).  
 
Cu1+ corresponds to 10 electrons, which fill the d ± levels (d10). This valency or 
charge is possible in linear or square planar coordination, but very unlikely or 
impossible, in square pyramidal or octahedral coordination [39]. This electron 
configuration explains why there are no electron doped HTSC compounds with 
octahedral or square pyramidal coordination. 
 
  
4.  Doping and non-stoichiometry 
 
To illustrate the proposed approach to doping and non-stoichiometry at a unit cell 
scale, the following section discusses YBCO as a typical example of the CFT 
approach. However, similar arguments can be used for other HTSC cuprates.  
 
Since YBa2Cu3O6 (YBCO6) and YBa2Cu3O7 (YBCO7) are end members of the 
compositions of interest and they are stable compounds, any intermediate 
composition is assumed to consist of as many possible unit cells with YBCO6 
(O6) and YBCO7 (O7) stoichiometries, subject to appropriate boundary 
conditions. This approach implies a tendency to phase separation of these YBCO 
end members and can be supported by energy minimization arguments.  A 
detailed analysis would require consideration of strain fields, structural relaxation 
and possible clustering effects among other factors.  
 
Detailed Field Ion Microscopy and Atom Probe analyses of YBCO materials with 
various oxygen compositions favour an interpretation whereby intermediate 
oxygen contents between O6 and O7 correspond to combinations of atom 
clusters with composition O6 and O7, respectively [40]. We interpret abundant 
reports of stripes for underdoped HTSC materials as strong indication that 
separation into unit cells at both stoichiometric end member compositions takes 
place in these materials.  The formation of these stripes requires the two types of 
unit cells to be clustered or aggregated into larger blocks [5, 44-49]. 
 
Doping (or, in this case, the presence of defects) in many highly non-
stoichiometric compounds occurs preferentially in ordered positions within these 
structures [7]. Observations of superstructures are common in non-stoichiometric 
compounds under appropriate heat-treatment conditions. Such structures have 
also been reported for a number of cuprate HTSCs [16-18].  
 
Figure 5 displays a schematic of unit cell doping for YBCO compounds close to 
the O7 stoichiometry. Notice that every time a single O6 unit cell (in darker green 
background) is introduced, four unit cells with resulting O6.5 stoichiometry (in 
lighter green background) become a boundary condition going from the unit cell 
with O6 stoichiometry to some of the adjacent unit cells with O7 stoichiomtetry (in 
unfilled background). The cells with O6.5 stoichiometry will therefore have half 
O6 and half O7 character at the base or on a side plane, depending on whether 
the transition cell is on the layer above or below the O6 unit cell or inside the 
same layer as the O6 unit cell, respectively. The existence of a transition unit cell 
is a result of the model allowing the oxygen atoms and vacancies to exist only in 
regular lattice positions. Interstitial positions for YBCO are not extensively 
discussed in the YBCO research literature and are, therefore, not included in the 
model. However, since the unit cells with O6.5 stoichiometry are expected to be 
under relative stress, clustering of unit cells may be favoured in order to minimize 
the number of O6.5 unit cells and any accompanying stress. 
 
A building block of twenty-seven unit cells (including the O6 cell) constitutes the 
smallest block before an ³XQGLVWRUWHG´RUXQGRSHGVWUXFWXUHFan be added. This 
model demonstrates that the composition of this smallest building block is O6.89 
(as shown by the calculation inside the box at the bottom right in Figure 5). This 
result is remarkably close to the observed optimal doping of 6.92 for the YBCO 
HTSC [17]. Marginally higher experimental values for optimal oxygen content 
may be partly explained by oxygen enrichment on twin boundaries, grain 
boundaries and surfaces. This type of oxygen enrichment is not considered in 
this simple model (see also section 5). 
 
 
 
 
Figure 5.-  Schematic of O6 unit cell doping for YBCO compounds close to the 
O7 stoichiometry. Notice that an O6 unit cell doping (in darker green) introduces 
four unit cells with O6.5 stoichiometry (in lighter green). 
 
 
Figure 6 extends the concept of unit cell doping for YBCO to a range of 
intermediate oxygen compositions between O6 and O7. These compositions are 
shown in projection onto the ab plane. The same colour coding as in Figure 5 has 
been used for O6 (darker green background) and O7 (unfilled background) unit 
cells. Explicit use of the light green background for O6.5 unit cells has been 
omitted in order to simplify the schematic, but O6.5 unit cells on the same plane 
as the O6 unit cell have been labelled. Note that O6.5 unit cells occur 
immediately above and below the O6 unit cell in this plane (neither colour coded 
nor labelled). Oxygen atoms (blue spheres) and vacancies (unfilled small 
squares) from the basal planes have been added to help identify the 
corresponding unit cell stoichiometries. The calculations adjacent to each 
schematic show the composition expected for the smallest repeatable block 
(which includes a layer beneath and a layer above the displayed projections).
 
 
 
 
 
Figure 6.-  Schematic of unit cell doping for YBCO compounds with a range of 
intermediate oxygen compositions between O6 and O7, projected onto the ab - 
plane. The same colour coding as Figure 5 has been used for unit cells with O6 
(darker green background) and O7 (unfilled background).  
 
 
5.- Superstructures in cuprate HTSCs  
 
Superstructures have been observed in YBCO and other cuprate HTSCs using 
techniques such as neutron diffraction [42-43], electron diffraction using 
transmission electron microscopy [13-14, 41] and high energy X-ray diffraction 
[16-18].  Analyses show that the most likely superstructure of optimally doped 
YBa2Cu3O6.92 has 4a periodicity [17].  
 
Figure 1 of Islam et al. [17] shows a schematic of the atom arrangement viewed 
along the b-direction (projection of the a-c plane) of optimally doped 
YBa2Cu3O6.92. The plane of projection [17] coincides (not accounting for 
relaxations) with the plane in Figure 6e at the boundary between the unit cell with 
oxygen stoichiometry O6 and the cell with oxygen stoichiometry O6.5 viewed 
along the c-direction (projection of the a-b plane).  In essence, Figure 6e is 
equivalent to the exact superposition of two of the planes from Figure 1 of Islam 
et al. [17]  
 
Given that Figure 6e shows oxygen stoichiometry O6.95 and Figure 6d shows 
oxygen stoichiometry O6.89, consistent use of our model requires regions of both 
periodicities in equal proportion to achieve the optimum oxygen stoichiometry of 
O6.92. The suggested periodicities are likely to coexist with different domain 
sizes and distributions depending on processing conditions such as annealing 
temperatures and times, but also, on interaction with other microstructural 
³GHIHFWV´VXFKDVimpurities, twin and grain boundaries. 
 
Figure 7 shows simulated X-ray diffraction patterns using the program Reflex 
from Materials Studio 5.5 for: (a) a standard YBCO unit cell (using cell 
parameters from reference [3] p. 183, and supercells with (b) 3a periodicity and 
(c) 4a periodicity. The inserts show higher resolution views of the lower intensity 
of each pattern, where the superstructure peaks will occur. The green lines 
indicate 2-theta regions where regular and additional superstructure peaks are 
expected according to the model simulations. The frequency of green lines 
increases rapidly for models (b) and (c) but the number of discernable 
superstructure peaks is significantly lower and vary in intensity. These 
simulations suggest that superstructure features are well-below typical detection 
limits for standard powder X-ray diffraction equipment.  
 
 
 
 
 
 
 
 
 
 
Figure 7.  Simulated X-ray diffraction patterns using Reflex from Materials Studio 
5.5 for: (a) standard accepted YBCO unit cell and supercells with (b) 3a 
periodicity and (c) 4a periodicity. The inserts show expanded views of the pattern 
close to the background level. The green lines indicate where regular and 
additional superstructure peaks would be expected according to the simulation. 
 
As mentioned earlier, these powder X-ray diffraction simulations for possible 
YBCO superstructures with periodicities 3a and 4a are for oxygen stoichiometry 
O6.89 and O6.95, respectively (and correspond to Figures 6d and 6e). These 
simulations have been performed before optimization of geometry, which should 
result in relaxation of the positions of adjacent atoms. These simulations, 
although highly idealized at this stage by not including relaxations and other 
possible effects, provide an indication of the sensitivity and resolution required for 
X-ray diffraction to detect superstructures in these HTSCs. To detect these 
superstructures, sensitivity better than 0.025 and 0.1 for a relative highest peak 
of 100 for a 3a and 4a periodicity, respectively, is required. That is, a sensitivity 
better than 0.025% and 0.1% relative intensity, respectively, per model and 
background noise should be accordingly lower for discernable signal-to-noise.  
 
If relaxations are included in these models, the superstructure peaks are likely to 
shift in position and diminish in relative intensity. However, it appears that a 
superstructure with a 4a periodicity is about four times more likely to be detected 
than a superstructure with a 3a periodicity. Detection of these superstructures 
would also be possible in electron diffraction studies provided that diffraction 
peaks with a 3a periodicity are not dismissed as arising from interference with an 
adjacent or residual 90° domain or tilted grain around the a or b axis. 
 
 
6.- Nominal charge distributions on the conduction planes 
 
Figure 8 shows the projected conduction planes of the YBCO model from Figure 
6f (with oxygen composition O6.98). In Figure 8, nominal copper charges 
required on the conduction planes for charge balance in the respective unit cells 
have been added (see section 3.2).  Oxygens (blue spheres) and vacancies 
(unfilled small squares) from the basal planes are also shown to assist with 
accounting for the corresponding unit cell stoichiometries. Around the conduction 
plane of a unit cell with O6 stoichiometry, a cluster of copper atoms with 2+ 
charges is expected (see section 3.2).  Conduction planes of unit cells with O7 
stochiometry require a combination of two copper atoms with 2+ charge and two 
copper atoms with 3+ charge (see section 3.2). Depending upon the choice of 
copper charge sequence in adjacent cells with O6.5 stoichiometry (boundary 
condition unit cells nominally require three copper atoms with 2+ charge and one 
copper atom with 3+ charge), two different types of local regions of periodic 
charge distribution (local charge density wave like regions of equal charge are 
encircled in red) become a natural consequence of these simple model 
assumptions.  Figure 8a shows the case where the local charge front is along the 
a-axis of the conduction plane and Figure 8b shows the case where the local 
charge front is along the diagonal of the conduction plane. 
 
Although this model is highly idealised and corrections for the effects of stress 
fields, relaxation and clustering of atoms (or defects) can be included, the 
simplicity of approach affords a clear mechanism by which superconductivity may 
be understood. For example, at an appropriate temperature which influences 
lattice vibrations, it would be reasonable to assume that on average the unit cells 
will oscillate around charge distributions related to the corresponding oxygen 
stoichiometries. A very similar approach is also applicable to other cuprate 
HTSCs eg LSCO and BSCCO.  
 
The configurations shown in Figures 6 and 8 are a better choice for ground states 
or for components of the ground state given that time variations for the charge 
distributions and spatial variations at a higher level of the local microstructure 
may also be present. Furthermore, these configurations in real materials imply 
ground states for which additional interactions related to electron transport can 
be superimposed (such as when an external electrical field is used in the 
measurement of superconductivity). Further experimental evidence for the 
viability of this model is the observation of charge density waves in HTSCs for 
both directions represented in Figure 8 [6]. 
 
 
 
 
 
 
Figure 8.- Schematic of the projected conduction planes of YBCO with oxygen 
composition O6.98 (according to Figure 6f). The same colour coding as Figure 5 
has been used for unit cells with O6 (darker green background) and O7 (unfilled 
background). Nominal copper charges on the conduction planes required for 
charge balance in the respective unit cells are shown at the corners of the 
squares where the copper ions are centred. Red lines or domains indicate local 
regions of periodic charge distribution (charge density wave like).  The direction 
of the wave is determined by the choice of charge sequence in the O6.5 unit cell 
adjacent to the O6 unit cells. See text for further details. 
 
 
 
7.- Antiferromagnetic correlations and macroscopic phase coherence 
 
In addition to the clustering of copper with 2+ charges around the conduction 
plane of a unit cell with O6 stoichiometry (see section 6), slightly stronger near 
neighbour antiferromagnetic correlations between the copper atoms with 2+ 
charges may also occur (see Figure 9). Figure 9 shows a schematic of the 
projected conduction planes of YBCO with oxygen composition O6.89 (according 
to Figure 6d) where local antiferromagnetic correlations are indicated.  Such 
antiferromagnetic correlations may be expected at a depressed Neel temperature 
around a unit cell with oxygen stoichiometry O6. The unit cell with O6 oxygen 
stoichiometry may retain a memory of the normal behaviour of the parent 
antiferromagnetic YBCO6 compound as the temperature is lowered. This model 
and associated assumptions may have implications for the minimum volume of 
material required to define an antiferromagnet. In this respect, this is not too 
different from the question about the minimum volume of material required to 
define a superconductor. 
 
 
 
 
 
 
 
 
 
Figure 9.- Schematic of the projected conduction planes of YBCO with oxygen 
composition O6.89 (according to Figure 6d). The same colour coding as Figure 5 
has been used for unit cells with O6 (darker green background) and O7 (unfilled 
background). In schematic (a) antiferromagnetic correlations (red arrows) may be 
expected at a depressed Neel temperature around the unit cell with oxygen 
stoichiometry O6.  In (b) at a much lower temperature, the antiferromagnetic 
domains start to interact with each other more strongly (either ferromagnetically 
or antiferromagnetically) leading to their macroscopic magnetic alignment (not 
present in a), which would be a requisite for macroscopic phase coherence. 
 
 
The antiferromagnetic correlations might be weaker (for instance more easily 
destroyed by temperature) as the domain volume for antiferromagnetism is 
significantly smaller than the antiferromagnetic parent compound. Furthermore, 
the antiferromagnetically correlated copper atoms will also strongly interact with 
lattice vibrations, as a localised manifestation of an analogous case to the Mott 
metal-insulator transitions.  In these transitions, the metal manifests itself at the 
reduced interatomic distances and the insulator manifests itself at the expanded 
interatomic distances [50]. Another way to visualize this transition may be using 
the analyses and terminology of John Goodenough [1, 36, 51-52], where the 
degree of overlap of orbitals determines a transition from localised to itinerant 
behaviour. With further lowering of the temperature, local regions of 
antiferromagnetic correlation interact more strongly (either ferromagnetically or 
antiferromagnetically) perhaps fulfilling a requisite for macroscopic phase 
coherence. 
 
 
 
8. Additional examples from the BSCCO and CaCuOCl systems 
 
The following section extends the concepts illustrated above to the more complex 
example of Bi2Sr2CaCu2O8+G (Bi-2212). This structure is schematically drawn in 
Figure 10. 
 
 
 
 
Figure 10.-  Schematic of the Bi-2212 structure, drawn using Materials Studio 
5.5. Bonds that define the nearly square pyramidal coordination of Copper (red) 
and Oxygen (light blue) are highlighted. Bismuth, Strontium and Calcium are 
displayed as spheres of purple, green and blue colour, respectively. 
 
 
Bi-2212 also has Cu in square pyramidal coordination (see section 3.2 above). 
This structure presents an additional complication because the structure consists 
of two identical blocks of Bi:Sr:Ca:Cu::2:2:1:2 ratio stacked one above the other 
after being shifted along the a[110] - direction by half a diagonal of the basal 
plane [53-54]. This means that the unit cell (chosen above) has really net 
composition Bi4Sr4Ca2Cu4O16+2G as a simple counting of atoms can confirm. A 
different choice of unit cell is also drawn in the Bi-2212 research literature having 
the basal plane diagonal (of the unit cell chosen above) as a side [55]. The net 
composition of this different unit cell would be different and would have to be 
taken into account when attempting to make geometrical interpretations. Care 
must be taken not to mix the two types of unit cells in this method of analysis. 
 
Doping in Bi-2212 takes place by two mechanisms: cation substitution and 
oxygen interstitials [55]. The structural information for Bi-2212 with regards to 
oxygen doping (and other aspects too) is not as abundant as that for YBCO. 
Nevertheless, oxygen doping in Bi-2212 appears to take place in the interstitial 
position approximately half way between the Bi- and the Sr- planes and in the 
intersection of a plane perpendicular to these two planes that joins two adjacent 
Bi atoms and a plane perpendicular to the Bi- and Sr- planes (and to the line that 
joins the two Bi atoms) that is approximately equidistant from both Bi atoms (see 
schematic shown in Figure 10). 
 
In the unsubstituted Bi-2212 compound, charge balance (of a regular half-unit 
cell, see above) can be represented by the following equation: 
 
Bi3+2Sr2+2Ca2+Cu2+2O2-8 
 
  
When Dy3+ is substituted for Ca2+, and no other doping mechanism occurs, the 
material is electron - doped and Cu is required to have a 1+ charge for neutrality 
to exist in the particular half-unit cells where substitution has taken place. This 
charge balance can be represented by the equation: 
 
Bi3+2Sr2+2Dy3+Cu2+Cu1+O2-8 
 
 
As discussed above in section 3.3, Cu1+ requires linear or square-planar 
coordination, which is very unlikely or impossible for square-pyramidal or 
octahedral coordination. Therefore, activation of additional doping mechanisms is 
expected simultaneously with the Dy substitution, and, in particular hole -doping. 
When Dy3+ is substituted for Ca2+, and simultaneous interstitial oxygen is 
incorporated (which introduces hole-doping) within the same half-unit cell, the 
electron doping from Dy can be balanced by hole doping from the additional 
oxygen. This balance can be represented for the simultaneously substituted and 
oxygen doped half-unit cell by the equation 
 
Bi3+2Sr2+2Dy3+Cu2+Cu3+O2-9 
 
Given that the interstitial positions adopted by oxygen sit across boundary planes 
within unit cells (or half-unit cells) and the fact that the doped half-unit cell 
requires an entire oxygen atom, the charge balance will affect two adjacent unit 
cells.  
 
For the slightly underdoped (relative to the doping for optimum Tc, but lightly 
hole-doped overall) Bi2Sr2Dy0.2Ca0.8Cu2O8+G, for which atomic resolution 
tunnelling-asymmetry imaging has found intense atomic-scale variations in 
electronic structure accompanied by partial hole localization [12], the charge 
balance can be represented by the equation: 
 
0.2 Bi3+2Sr2+2Dy3+Cu2+Cu3+O2-9  + 0.8 Bi3+2Sr2+2Ca2+Cu2+2O2-8 = 
 
 
= Bi3+2Sr2+2Dy3+0.2Ca2+0.8Cu2+1.8Cu3+0.2O2-8.2,         G = 0.2
 
 
In terms of half-unit cells, two half-unit cells out of ten half-unit cells (or other 
numbers of half-unit cells that maintain the same ratio) require substitution of 
Dy3+ for Ca2+ with corresponding incorporation of oxygen interstitials.  
 
As mentioned above, oxygen interstitials sit at the boundary face of adjacent unit 
cells (or half-unit cells). The minimum propagation of further ³distortion´RU
irregularity) by Dy substitution will thus occur when two or more Dy atoms 
position themselves into adjacent half unit cells. As with YBCO unit cells with 
O6.5 composition (see section 4), transition unit cells constitute regions of 
relative stress. Thus, a stable structure will tend to minimize the number of 
transition unit cells through clustering. This tendency to clustering will be further 
enhanced if transition unit cells become so abundant that they dominate the 
structural volume for a given overall composition. It will be clear from this and our 
earlier analysis of YBCO, that the model requires identifying the minimum block 
of unit cells where, at the periphery, unit cells can be joined to ³undistorted´ or 
undoped unit cells (not deviating from the main regular structure) at the block 
margin.  
 
In light of the arguments above, we can in practice rule out the one in five half-
unit cell block case, since this would leave a very large number of affected 
adjacent transition half-unit cells. Similarly, the two in ten half-unit cell block case 
will be less likely than the three in fifteen and four in twenty half-unit cell block 
cases, since adjacent half-unit cells are still affected (requiring transition cells). 
Furthermore, using this rationale extended to a full unit cell, requires the stacking 
of two comparable blocks of half-unit cells (with the correct ratio) stacked one 
above the other after being shifted along the a[110] - direction by half a diagonal 
of the basal plane (see Figure 10 and beginning of section 8 above).  
 
Figure 11 displays schematics of two likely building blocks of unit cells, with 
approximate composition comparable to the overall target, before an 
³XQGLVWRUWHG´RU regular) structure can be added.  In the schematics (a) and (b), 
the compositions of the half-unit cell blocks are: 
 
 
(a) Bi2Sr2Dy0.1875Ca0.8125Cu2O8.25  (3 out of 16 half-unit cells), and 
 
(b) Bi2Sr2Dy0.25Ca0.75Cu2O8.25 (4 out of 16 half-unit cells), respectively. 
 
  
Figure 11.-  Schematic of likely building blocks of unit cells for 
Bi2Sr2Dy0.2Ca0.8Cu2O8+G. The composition of the blocks are: (a) 
Bi2Sr2Dy0.1875Ca0.8125Cu2O8.25 and (b) Bi2Sr2Dy0.25Ca0.75Cu2O8.25, respectively.  A 
projection of four half-unit cells block next to each other is shown in (c). Dy 
substituted cells are shaded in yellow and interstitial oxygen is represented by 
orange balls. Nominal copper oxidation states are labelled in (a) and (b).  
 
 
It is interesting to note that in the case shown in Figure 11(a), where the three 
clustered Dy substituted half-unit cells (with their respective oxygen interstitials) 
have forced doping by oxygen interstitials of the fourth half-unit cell (that would 
complete the 2 x 2 square). Therefore, the charge balance in the fourth half-unit 
cell can be expressed by the equation: 
 
Bi3+2Sr2+2Ca2+Cu3+2O2-9 
 
The fact that both copper ions in the fourth half-unit cell adopt a 3+ charge may 
result in an unstable configuration providing an additional argument to rule out 
the case displayed in Figure 11(a), unless the stacking of a second half-unit cell 
provides the mechanism to bring a mixed oxidation of the copper ions across the 
full unit cell. 
 
Further stacking of the second half unit-cell (shifted along the a[110] - direction 
by half a diagonal of the basal plane with respect to the first half-unit cell) can be 
obtained with combinations of the proposed half-unit cell building blocks, chosen 
and oriented so as to minimise stress fields or to achieve a better approximation 
to the overall target composition. These additional half-unit cells will move some 
Dy atoms towards adjacent blocks making the boundaries of the building block 
less sharp.  In addition, these half-unit cells will compensate, together with some 
additional interstitial oxygen doping, the 3+ oxidation of the copper ions at the top 
and bottom of Figure 11(b). 
 
Thus, with our model, using simple geometrical arguments and charge balance 
concepts at the unit cell level, we arrive at clustering of Dy substituted cells for 
the compound Bi2Sr2Dy0.2Ca0.8Cu2O8+G as a mechanism to minimize the size of 
the blocks of unit cells with distortion or deviation from the regular structure. 
Oxygen interstitial doping accompanies the Dy substitution and gives rise to 
consequent partial hole localization. The most likely geometrical clusters 
identified via this model, and the consequent partial hole localization, match 
observations with atomic resolution tunnelling-asymmetry imaging [12]. Atomic 
resolution compositional mapping for Bi2Sr2Dy0.2Ca0.8Cu2O8+G may be a useful 
way to confirm the clustering of Dy and interstitial oxygen. 
 
In order to explain the related checkerboard patterns of Ca2-xNaxCuO2Cl2 
(x=0.12) [12,56-57], we follow a similar analysis to that described for Bi-2212 
above. The structure of Ca2-xNaxCuO2Cl2 (Na-CCOCl) is very similar to that of 
La2-xSrxCuO4 (LSCO) (see section 3.1) but with chlorine (Cl) occupying the apical 
positions of the Cu octahedral coordination instead of oxygen (O) [57]. 
 
The parent compound in this system is Ca2CuO2Cl2. The charge balance in a unit 
cell of the parent compound can be represented by the equation: 
 
Ca2+2Cu2+O2-2Cl-2. 
 
When Na+ is substituted for Ca2+, the new balance of charges can be 
represented by the equation:  
 
Ca2+Na+Cu3+O2-2Cl-2. 
 
However, all copper ions with 3+ charges leads to an unlikely situation as was 
pointed out for the BSCCO case illustrated in Figure 11(a) above. Counting 
atoms in the unit cell of Na-CCOCl, as was done for LSCO above (see Figure 2), 
shows that the unit cell has an actual composition Ca4-2xNa2xCu2O4Cl4. 
Therefore, we consider the alternative that only one Na+ is substituted for Ca2+ 
out of the four possible Ca ions in a unit cell. In this case, the balance of charges 
can be represented by the equation: 
 
Ca2+3Na+Cu2+Cu3+O2-4Cl-4, 
 
This compositional equation represents the most likely situation for Na-CCOCl 
with mixed oxidation of the Cu atoms. 
 
For the target composition of Ca1.88Na0.12CuO2Cl2, we aim to express the formula 
as a combination of suitable doped and undoped unit cells that give the closest 
approximation to the correct Ca to Na ratio, for example: 
 
12 Ca4Cu2O4Cl4 + 4 Ca3NaCu2O4Cl4. 
 
The Ca to Na ratio for this formulation becomes 60:4 = 15, which is similar to 
1.88:0.12 = 15.66). Therefore, out of every 16 unit cells, substitution of Na for Ca 
in 4 unit cells is a good choice to approximately produce the target composition. 
This combination of unit cells not only matches the target composition for Na-
CCOCl but may explain the checkerboard patterns observed experimentally 
[12,56-57]. As was discussed for BSCCO above, compositional mapping with 
atomic resolution of Ca1.88Na0.12CuO2Cl2 should confirm clustering of Na atoms in 
this material. Finally, given the similarity between LSCO and Na-CCOCl, we 
would expect similar phenomena in LSCO for comparable levels of doping by 
substitution. 
 
 
 
9.- Comments on the lattice instability in LSCCO  
 
As mentioned in the Introduction, lattice instability manifests itself as a splitting of 
the in-plane Cu-O bond distances in optimally doped La1.85Sr0.15CuO4 
superconductors below a characteristic temperature but above the 
superconducting transition temperature (Tc) [11].  
 
Using an analysis similar to that presented above for Na-CCOCl , we determine 
that the La to Sr ratio 1.85:0.15 = 12.33, is equal to 37:3 = 74:6). Taking into 
account the actual composition of the unit cells and the fact the one Sr is 
substituted per unit cell, the composition can be better described by the equation: 
 
14 La3+4Cu2+2O2-8 + 6 La3+3Sr2+Cu2+Cu3+O2-8. 
 
A graphic representation of this equation with two possible building blocks is 
given in Figure 12(a). In this Figure, unit cells with Sr substitution are in yellow 
and nominal charges of copper ions are labelled. 
 
 
 
Figure 12.-  (a) Schematic of likely building blocks of unit cells for optimally doped 
La1.85Sr0.15CuO4.  Sr substituted cells are shaded in yellow and nominal copper 
oxidation states are labelled (b) Schematic of transition metal substitution (Mn, 
Ni, Co) (represented by blue ball) onto Copper oxide planes for approximate 
composition La1.85Sr0.15Cu1-xMxO4 for x=0.04 (ratio is 1:25 = 4:100).  
 
 
The presence of two oxidation states will automatically result in two slightly 
different Cu-O distances. As discussed for YBCO in section 7, the more localised 
oxidation states of copper will manifest at the onset of antiferromagnetic 
correlations (in clusters of copper 2+ ions) [19,24]. The onset will occur at a 
temperature somewhat depressed from the Neel temperature of the parent 
compound, but above Tc. At the superconducting transition temperature (Tc), 
coherency is obtained giving rise to a more dynamical situation where electron 
charges are expected to jump around.  A particular copper ion will then be 
oscillating between the variable oxidation states and the schematic 
representation in Figure 12 becomes a frozen frame of a dynamic atomic 
geometry.  
 
In order to understand the effect of substitution of M = Mn, Ni, Co on phase 
instability [11], we need to identify whether the substituted atoms prefer the Sr 
substituted unit cells or the unsubstituted cells. Using Mn as an example, Mn 
substitution in a Sr substituted unit cell could be represented by the equations: 
 
 
La3+3Sr2+Mn2+Cu3+O2-8  or  La3+3Sr2+Mn3+Cu2+O2-8,  
 
 
which corresponds to regions with mixed oxidation required for conduction. Mn 
substitution in an unsubstituted (Sr) unit cell could be represented by the 
equation: 
 
 
La3+4Cu2+Mn2+O2-8.  
 
which corresponds to regions where anitferromagnetic correlations would be 
expected. 
 
As pointed out by the authors of reference [11], and supported throughout our 
model, phase instability is also a manifestation of the electron-phonon-spin 
coupling that these materials seem to require and undergo simultaneously with 
superconductivity. Therefore, strong disturbances of any of these three aspects 
would be expected to destroy the appropriate balance of interactions required. 
 
More detailed experimental information about the actual (or most likely) oxidation 
state and spin state of dopant ions would provide additional conclusive support 
for this model. In the absence of explicit experimental data, we will refer to 
general observations on dopants in minerals [19]. The crystal field energy ' is 
generally higher for a trivalent cation than for a divalent cation within the same 
coordination environment. Trivalent cations have smaller ionic radius than 
divalent cations, which explains in general, a higher electrostatic energy. In 
addition, most cations of the first transition series have high-spin configurations in 
oxide structures at atmospheric pressures. This trend is determined by the 
relative values of the crystal field energy ' as compared to the pairing energy P. 
[19,24]. ' > P favours spin-pairing or low spin (strong field case), while P > ' 
favours high spin (or free spin) (weak field case).  
 
Table 2 gives a list of the electronic configuration and crystal field stabilisation 
energies (CFSE) of the abovementioned ions for octahedral coordination 
(adapted from references [19,24]) 
 
 
Table 2.- Electronic configurations and crystal field stabilisation energies of 
transition metal ions in octahedral coordination 
 
 
 
 
In general, the higher the CFSE, the more preferred a particular electron 
configuration. Given that Cu2+ and Mn3+ have similar CFSE, to a first 
approximation they will, with comparable probability, exist in a high spin state 
under the same octahedral coordination environment. Similarly, Ni2+and Co2+ are 
the most likely oxidation states for Ni and Co, respectively. It is tempting to 
extrapolate this comparison to all of these atoms and ions. However, care must 
be taken since the ionic radii are different and crystalline field energies are 
expected to vary accordingly. In fact, the crystal field energy appears to display 
an inverse fifth-power dependency on metal-oxygen distance [19]. Another useful 
mineral trend is that in passing from one cation to the next along the 3d metal 
series, with the positive charge increasing by one, a greater decrease in metal-
oxygen distance is expected when an electron is added to a t2g orbital than upon 
entering an eg orbital [19]. Mn ions have larger sizes compared to Co and Ni ions, 
and these size differences lead to significantly different effects on properties [58-
60]. 
 
 
10.- Summary and Concluding Remarks 
 
A simple model based on a minimum number of simple crystallo-chemical 
principles has been presented. A consistent explanation for significant aspects of 
HTSC behaviour has been provided, without any additional model assumptions, 
while retaining valuable insights into crystal structures of different HTSCs. 
 
A review of CFT (or LFT) as applied to the d levels of copper atoms in the 
conduction planes of high Tc cuprates occupying d9 and d8 levels, respectively, 
shows that these two oxidation states belong to the most strongly diverging d-
levels as a function of deformation from regular octahedral coordination. As such, 
these levels offer the greatest gradient in energy at a given copper atom site that 
could couple to lattice vibrations. This would provide a mechanism for the 
modulation of the electron energy, the occupation of energy levels and the spin 
states of the electrons at the copper atoms as a function of time and of the 
amplitude and mode of vibration. 
 
By introducing the concept of unit cell doping, the possibility of superstructure 
formation is suggested. In the case of YBCO close to the optimal doping of 
O6.92, the periodicity of the superstructure is estimated to be of 4a or 3a lattice 
spacing in the basal plane directions. The 4a periodicity has been reported in 
previous high-energy X-ray diffraction studies. The 3a periodicity may also exist 
in the YBCO structure. However, preliminary simulation of powder diffraction 
patterns indicates that the 3a superstructure will be more difficult to detect.  
 
The presence of superstructures will give rise to new geometrical periodicities (or 
quasi-periodicities if various super-structure domains coexist), which are 
expected to affect the nature of the phonon and electron energy bands, in 
particular, by the introduction of energy gaps in reciprocal space.  
 
Furthermore, by introducing a charge balance within unit cells in YBCO, it is 
found that the conduction planes of the O6 unit cell will tend to form clusters of 
copper atoms with nominal 2+ oxidation. Such clusters will then act both as foci 
for negative charge concentration from which charge density waves can emanate 
and as foci for depressed antiferromagnetic correlations with a reduced Neel 
temperature. Both of these phenomena have been abundantly reported in 
HTSCs and the simple assumptions of our model lead naturally to a facile 
interpretation of their presence.  
 
Simple atom counting, doping at unit cell level, charge balances and compatibility 
with adjacent unit cells, which are key steps in the application of our analysis and 
model, have also been consistently and successfully applied to explain atomic 
resolution tunnelling-asymmetry images of Bi2Sr2Dy0.2Ca0.8Cu2O8+G and Ca2-
xNaxCuO2Cl2. The predictive capability of this approach will become more 
apparent as additional physical properties are discussed in further detail in other 
publications. 
 
Although the situations exemplified in this model may appear idealised, there is 
sufficient experimental evidence to consider the model as a good approximation 
to micro and macro behaviour of these HTSC materials. The methodology 
demonstrated by this model may also be extended to consider other features or 
behaviours not identified in this article.  In addition, most of the depicted 
situations used in this model represent frozen pictures of atoms that can, for 
example, change periodically as they couple to lattice vibrations or as they 
interact with external forces.  
 
How all the above mentioned modulations (in time, space and composition) may 
come together and correspond to various excitations that are essential to the 
understanding of the superconducting mechanism, such as for example small 
polarons and spin-vortices [61-62], will become more apparent as the lattice 
vibrations of quasi-periodic superstructures and their possible connection to 
superconductivity are analysed and discussed in more detail in a separate 
publication [38]. A recent model by Hiroyasu Koizumi and Ryo Hidekata [61-62] 
explains various superconducting properties, without requiring Cooper pair 
formation. This may prove useful in establishing a connection between some of 
the excitations and the microstructural modulations. 
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Figure Captions 
 
Figure 1.-  Schematic of the variation in energies of the d orbitals as the structure 
is distorted from regular octahedral to square pyramidal and then to square 
planar. 
 
Figure 2.-  Schematic of the LSCO structure, drawn using Materials Studio 5.5. 
Bonds that define the nearly octahedral coordination of Copper (red) and Oxygen 
(light blue) are highlighted. Note that the composition of the depicted unit cell is 
actually La4Cu2O8 (twice the usual denomination of the compound). This actual 
composition facilitates the analysis of atom coordination. 
 
Figure 3.-  Schematic of the YBCO structure, drawn using Materials Studio 5.5. 
Bonds that define the nearly square pyramidal coordination of Copper (red) and 
Oxygen (light blue) are highlighted. 
 
Figure 4.-  Schematic of the NCCO structure, drawn using Materials Studio 5.5. 
Bonds that define the nearly square planar coordination of Copper (red) and 
Oxygen (light blue) are highlighted. Note that the composition of the depicted unit 
cell is actually Nd4Cu2O8 (twice the usual denomination of the compound). This 
actual composition facilitates the analysis of atom coordination. 
 
Figure 5.-  Schematic of O6 unit cell doping for YBCO compounds close to the 
O7 stoichiometry. Notice that an O6 unit cell doping (in darker green) introduces 
four unit cells with O6.5 stoichiometry (in lighter green). 
 
Figure 6.-  Schematic of unit cell doping for YBCO compounds with a range of 
intermediate oxygen compositions between O6 and O7, projected onto the ab - 
plane. The same colour coding as Figure 5 has been used for unit cells with O6 
(darker green background) and O7 (unfilled background).  
 
Figure 7.- Simulated x-ray diffraction patterns using Reflex from Materials Studio 
5.5 for: (a) standard accepted YBCO unit cell and supercells with (b) 3a 
periodicity and (c) 4a periodicity. The inserts show expanded views of the pattern 
close to the background level. The green lines indicate where regular and 
additional superstructure peaks would be expected according to the simulation. 
 
Figure 8.- Schematic of the projected conduction planes of YBCO with oxygen 
composition O6.98 (according to Figure 6f). The same colour coding as Figure 5 
has been used for unit cells with O6 (darker green background) and O7 (unfilled 
background). Nominal copper charges on the conduction planes required for 
charge balance in the respective unit cells are shown at the corners of the 
squares where the copper ions are centred. Red lines or domains indicate local 
regions of periodic charge distribution (charge density wave like).  The direction 
of the wave is determined by the choice of charge sequence in the O6.5 unit cell 
adjacent to the O6 unit cells. See text for further details. 
 
Figure 9.- Schematic of the projected conduction planes of YBCO with oxygen 
composition O6.89 (according to Figure 6d). The same colour coding as Figure 5 
has been used for unit cells with O6 (darker green background) and O7 (unfilled 
background). In schematic (a) antiferromagnetic correlations (red arrows) may be 
expected at a depressed Neel temperature around the unit cell with oxygen 
stoichiometry O6.  In (b) at a much lower temperature, the antiferromagnetic 
domains start to interact with each other more strongly (either ferromagnetically 
or antiferromagnetically) leading to their macroscopic magnetic alignment (not 
present in a), which would be a requisite for macroscopic phase coherence. 
 
Figure 10.-  Schematic of the Bi-2212 structure, drawn using Materials Studio 
5.5. Bonds that define the nearly square pyramidal coordination of Copper (red) 
and Oxygen (light blue) are highlighted. Bismuth, Strontium and Calcium are 
displayed as spheres of purple, green and blue colour, respectively. 
 
Figure 11.-  Schematic of likely building blocks of unit cells for 
Bi2Sr2Dy0.2Ca0.8Cu2O8+G. The composition of the blocks are: (a) 
Bi2Sr2Dy0.1875Ca0.8125Cu2O8.25, (b) Bi2Sr2Dy0.25Ca0.75Cu2O8.25 and (c) 
Bi2Sr2Dy0.2Ca0.8Cu2O8.2, respectively. Dy substituted cells are shaded in yellow 
colour and interstitial oxygen is represented by orange balls. 
 
Figure 12.-  (a) Schematic of likely building blocks of unit cells for optimally doped 
La1.85Sr0.15CuO4. Sr substituted cells are shaded in yellow colour and nominal 
copper oxidation states are labelled (b) Schematic of transition metal substitution 
(Mn, Ni, Co) (represented by blue ball) onto Copper oxide planes for approximate 
composition La1.85Sr0.15Cu1-xMxO4 for x=0.04 (ratio is 1:25 = 4:100).  
 
 
 
Tables 
 
Table 1.- Relative energy levels of 3d orbitals in crystal fields of various 
coordinations* 
 
Table 2.- Electronic configurations and crystal field stabilisation energies of 
transition metal ions in octahedral coordination 
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Table(s)
t2g eg t2g eg
3 Mn4+   !     !     ! 3 1.2"   !     !     ! 3 1.2"
4 Mn3+   !     !     !       ! 4 0.6"   !#   !     ! 2 1.6"
5 Mn2+   !     !     !       !     ! 5 0   !#   !#   ! 1 2"
6 Ni4+, Co3+   !#    !     !       !     ! 4 0.2"   !#    !#   !# 0 2.4"
7 Ni3+, Co2+   !#    !#   !       !     ! 3 0.8"   !#    !#   !#       !   1 1.8"
8 Ni2+   !#    !#   !#       !     ! 2 1.2"   !#    !#   !#       !     !   2 * 1.2"
9 Cu2+   !#    !#   !#       !#   ! 1 0.6"   !#    !#   !#       !#   ! 1 0.6"
Unpaired 
electrons CFSE
High spin state Low spin stae
* Notice that Ni2+ has two unpaired electrons for octahedral coordination, whether in high or low spin configuration.
Electronic configuration Electronic configuration
Number of 
3d 
electrons
Cation Unpaired 
electrons CFSE
Table(s)
